Introduction
Cancer cells are subject to various intrinsic and extrinsic stresses, including oncogene activation, mitotic checkpoint violation, hypoxia, and low nutrient availability. [1] [2] [3] Various innate tumor-suppressive mechanisms have evolved to kill stressed malignant cells, predominantly by induction of apoptosis. 1, 2, 4 However, evasion of apoptosis is one of the hallmarks of cancer, driven in part by upregulation of antiapoptotic members of the Bcl-2 protein family. 3, [5] [6] [7] Overexpression of the antiapoptotic Bcl-2 proteins, especially Bcl-2, Bcl-xL, Mcl-1, and Bfl-1, has been widely implicated in resistance to conventional chemotherapy and novel targeted therapeutics. Therefore, the development of selective inhibitors of Bcl-2 family antiapoptotic proteins has become a pressing pharmacologic need for treatment of refractory malignancies.
Small molecules mimicking the BH3 domains of Bcl-2 family proapoptotic proteins have been developed to directly inhibit Bcl-2 antiapoptotic proteins. To date, the most successful BH3 mimetics are the Abbott Laboratories (ABT) compounds, including the Bcl-2/Bcl-xL inhibitors ABT-737 8 and ABT-263 (navitoclax), 9 and the Bcl-2-selective ABT-199 (GDC-0199). 10 Early clinical trials with navitoclax have demonstrated single-agent efficacy in Bcl-2/ Bcl-xL-dependent cancers. 11, 12 However, the ABT compounds bind poorly to Mcl-1; thus, tumor cells expressing high Mcl-1 display resistance to these agents. 11, [13] [14] [15] [16] High-resolution analyses of somatic copy number alterations identified MCL1 as one of the most amplified genes in cancer. 17 Mcl-1 overexpression has been implicated in the pathogenesis and drug resistance of various cancers. For example, bench-to-bedside studies identified Mcl-1 as a critical factor in resistance to ABT-737.
AML is primarily treated with chemotherapy, but the 5-year survival has only marginally increased over the last few decades. Most AMLs develop chemoresistance during treatment and relapse after initial response. The fact that ;70% of AML patients die of this disease highlights the urgent need for novel therapies. Recently, Mcl-1 was reported to be essential for AML development, survival, and drug resistance. 13, 23 In this study, we examined the efficacy and underlying mechanisms of action of (-)BI97D6 in AML cells, especially those with high Mcl-1 expression. We investigated the effectiveness of pan-Bcl-2 inhibition in abrogating AML intrinsic and extrinsic drug resistance and evaluated the potential therapeutic window of targeting Mcl-1 with (-)BI97D6.
Methods
Assessment of cell viability/apoptosis and determination of IC 50 values Cells were treated as indicated and analyzed by fluorescence-activated cell sorting (FACS). For detection of apoptosis, treated cells were pelleted by centrifugation and washed twice with 2 mL Annexin V binding buffer (ABB). 24 The cells were then resuspended in 100 mL ABB containing Annexin V-fluorescein isothiocyanate (FITC; Roche Applied Sciences, Indianapolis, IN) and incubated in darkness at room temperature for 15 minutes. Next, the cells were washed once to remove excessive Annexin V-FITC and resuspended in 300 mL ABB. Propidium iodide (PI; Sigma-Aldrich, St Louis, MO) was added immediately before analysis by a Gallios flow cytometer (Beckman Coulter, Indianapolis, IN). To determine cell number, CountBright beads (Life Technologies, Carlsbad, CA) were added to each sample. Data were analyzed using Kaluza (Beckman Coulter) and Flowjo (Tree Star, Ashland, OR). IC 50 values were calculated using Calcusyn software (Biosoft, Great Shelford, UK), based on the absolute number of live cells (ie, Annexin V 2 /PI 2 ).
Immunoblot and immunoprecipitation
We performed immunoblot and immunoprecipitation (IP) as previously described.
14 The Odyssey infrared imaging system and companion software v2.0 (LI-COR Biosciences, Lincoln, NE) were used to scan immunoblot membranes and to quantify band intensity according to the manufacturer's manual. The ratios of band intensity of Mcl-1/a-tubulin, Bcl-2/Bax, Bcl-2/a-tubulin, and Bcl-xL/atubulin in treated samples were normalized to their counterparts in untreated cells. The antibodies used in this study are listed in supplemental Methods available on the Blood Web site.
Primary cell isolation, treatment, and viability analysis
Primary samples from AML patients and healthy donors were obtained by informed consent from The University of Texas MD Anderson Cancer Center according to protocols approved by the institute's Institutional Review Board, in accordance with the Declaration of Helsinki. The patients' clinical characteristics are presented in Table 1 . Mononuclear cells were isolated from bone marrow (BM) or peripheral blood samples by Ficoll (Sigma-Aldrich) density centrifugation and used immediately. The isolated cells were treated with (-)BI97D6 in RPMI-1640 medium containing 10% fetal bovine serum. After 48 hours, cell viability was assessed by flow cytometry following Annexin V and PI staining as already described. Samples with spontaneous apoptosis .30% were excluded from analysis. For stem/progenitor cell studies, the primary cells were also stained with hCD34-allophycocyanin (APC) and hCD38-phycoerythrin (BD Biosciences). Then, live cells were enumerated after gating on bulk, CD34
2 cells.
Coculture assays
BM-derived mesenchymal stromal cells (MSCs) were isolated and cultured as previously described. 24 On day 1, BM MSCs were plated in their growth medium at 2.5 3 10 4 cells per well in 24-well plates. After 24 hours, the medium was removed and replaced with 1.0 3 10 5 OCI-AML3 cells in their growth medium. After coculture for 24 hours, the medium was removed with care not to disturb the attached cells and replaced with growth medium containing drug as indicated. The cells were cocultured for 72 hours and then stained and analyzed by FACS. Human CD90-APC (BD Biosciences) was used to distinguish BM MSCs (CD90
1
) from AML cells (CD90 2 ).
In vivo engraftment experiment
The mouse study was conducted in accordance with guidelines approved by the Institutional Animal Care and Use Committees at MD Anderson Cancer Center. Female NOD SCID g (NSG) mice (6 weeks old; Jackson Laboratory, Bar Harbor, ME) were sublethally irradiated (250 cGy) 1 day before intravenous injection of control or treated patient-derived AML cells (1.0 3 10 6 ). Five weeks after injection, 50 mL blood was collected from each mouse by retroorbital bleeding, and following lysis of red blood cells, cells were stained with human CD45-phycoerythrin and murine CD45-APC (BD Biosciences) for FACS analysis. After confirmation of AML engraftment, the mice in each group (n 5 5) were monitored for survival.
Statistical analyses
Unless otherwise indicated, the data represent the mean 6 standard deviation from $3 independent experiments. P # .05 was considered statistically significant. Differences between control and treated cells were determined using the paired Student t test. Statistical analyses were performed using Prism software v6.0 (GraphPad Software, La Jolla, CA).
Results

Pan-Bcl-2 inhibitor (-)BI97D6 promotes cell death via mitochondrial apoptosis
We first studied the cell death mechanisms triggered by (-)BI97D6. The externalization of plasma membrane phosphatidylserine and the loss of mitochondrial membrane potential (ΔC m ) are hallmarks of apoptosis. After incubation of OCI-AML3 cells with 50 nM (-)BI97D6, phosphatidylserine externalization was readily detected by Annexin V staining ( Figure 1A) . Similarly, the loss of ΔC m was observed in about half the cells, as measured by CMXRos assay ( Figure 1B ) or by JC-1 staining (data not shown). Consistent with these apoptotic hallmarks, the treated OCI-AML3 cells exhibited cleavage of caspase-3, caspase-9, and poly ADP ribose polymerase (PARP)-1 ( Figure 1C) . Furthermore, preincubation with caspase-9 or -3 inhibitors significantly reduced (-)BI97D6-induced apoptosis of OCI-AML3 cells ( Figure 1D ).
Caspase-9 cleavage and loss of ΔC m suggest that (-)BI97D6 might kill cells via the intrinsic mitochondrial apoptosis pathway. However, this compound also induced cleavage of caspase-8 (supplemental Figure 1A available on the Blood Web site), an event classically associated with the extrinsic apoptosis pathway. 25 To determine whether caspase-8 is required for (-)BI97D6-induced apoptosis, mutant caspase-8 Jurkat I9.2 cells and parental Jurkat A3 cells expressing functional caspase-8 were examined. The induction of apoptosis was similar in Jurkat I9.2 and A3 cells (supplemental Figure 1B) , indicating caspase-8 is not required for (-)BI97D6-induced apoptosis. Notably, ABT-737 also induces caspase-8 cleavage, 14 which might be explained by the feedback cleavage of caspase-8 by activated caspase-3. 26 During mitochondrial apoptosis, activated Bax undergoes a conformational change resulting in exposure of an N-terminal epitope that can be detected by Bax antibody clone 6A7. 27 As shown in Figure 1E , (-)BI97D6 treatment did not change total Bax expression but induced the 6A7 1 proapoptosis conformation. Thus, (-)BI97D6 appears to stimulate Bax activation, consistent with its BH3 mimetic properties. Next, we studied whether (-)BI97D6 disrupts the interactions of Bcl-2 and Mcl-1 with proapoptotic Bcl-2 proteins. As seen in Figure 1F , 
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Mcl-1, Bim, and Bcl-xL can be degraded by active caspases in dying cells, [34] [35] [36] [37] [38] [39] which might also contribute to the observed decrease of these 3 proteins (supplemental Figure 3 ).
Pan-Bcl-2 inhibition by (-)BI97D6 overcomes Mcl-1-mediated drug resistance
We previously demonstrated that OCI-AML3 cells, which express high levels of Mcl-1, were inherently resistant to ABT-737 or ABT-199. 14, 15 The pan-Bcl-2 inhibitor (-)BI97D6 has high binding affinity to Mcl-1 21 and disrupts Mcl-1/Bim association. Therefore, we examined whether (-)BI97D6 could overcome OCI-AML3 inherent resistance to ABT compounds. OCI-AML3 cells were treated with various concentrations of (-)BI97D6. The percentages of apoptotic cells (ie, Annexin V 1 ) and absolute numbers of live cells (ie, Annexin V 2 /PI 2 ) were determined by FACS analysis, and representative plots displaying the gating strategy are shown in Figure 2A . As shown in Figure 2B -C, (-)BI97D6 induced a dose-and time-dependent increase of apoptosis and a corresponding decrease of live cell numbers. Next the effects of (-)BI97D6 and ABT-737 were compared in 3 AML cell lines: OCI-AML3, MOLM-13, and HL-60. These cell lines were chosen because they represent AML cells expressing high, intermediate, and low levels of Mcl-1 while expressing similar levels of Bcl-2 and Bcl-xL ( Figure 2D Figure 2E ). Conversely, all 3 cell lines displayed similar sensitivity to (-)BI97D6 ( Figure 2F ). Furthermore, (-)BI97D6 showed similar cytotoxic effects against 4 additional AML cell lines examined (supplemental Figure 4) .
To further investigate the Mcl-1-mediated drug resistance, the MCL1 gene was stably knocked down by ectopic expression of a wellvalidated MCL1-specific shRNA 14, 15 ( Figure 2G ). Consistent with our previous data, 15 Mcl-1 knockdown greatly sensitized OCI-AML3 cells to ABT-737 ( Figure 2H ). In contrast, (-)BI97D6 was equally potent against the control and MCL1 knockdown cells (72-hour IC 50 Together, these results indicate that (-)BI97D6 is able to overcome Mcl-1-mediated resistance to ABT-737. Although specific AML cell lines might depend on particular Bcl-2 antiapoptotic proteins for survival, the similar efficacy of (-)BI97D6 against 7 AML cell lines (supplemental Figure 4) and Mcl-1 knockdown or overexpressing cells implies that its cytotoxic effects probably result from collective inhibition of multiple antiapoptotic Bcl-2 proteins. 
Pan-Bcl-2 inhibition abrogates BM MSC-mediated drug resistance
Over the last decade, tumor microenvironment has been increasingly implicated in tumor drug resistance.
3 BM MSCs are critical components of the BM microenvironment. Using coculture models mimicking BM microenvironment, our group and others have shown that MSCs protect AML cells from conventional chemotherapeutics (eg, cytarabine and platinum analogs) and novel targeted agents (eg, ABT-737 and FI-700). 24, 40, 41 In this study, we found that coculture with MSCs increased Mcl-1 protein in OCI-AML3 cells by more than twofold ( Figure 3E ). Because Mcl-1 contributes significantly to leukemia cell resistance to ABTs, we would expect that Mcl-1 inhibitors can abrogate MSC-mediated protection. To test this hypothesis, we cocultured OCI-AML3 cells with BM MSCs ( Figure 3A) and found no significant difference in (-)BI97D6-mediated killing between cells cultured alone and cells cultured with BM MSCs. As shown in Figure 3B , (-)BI97D6 dramatically reduced live cell number in the presence of protective MSCs. In parallel, we tested the antileukemia effects of ABT-737 and Sabutoclax on cocultured OCI-AML3 cells. As expected, OCI-AML3 cells were resistant to 2 mM ABT-737 with or without MSC protection, whereas Sabutoclax (1 mM) induced marked decreases of live cell numbers comparable to 0.1 mM (-)BI97D6, even in the presence of BM MSCs (Figure 3C-D) . Importantly, 72-hour exposure to 100 nM (-)BI97D6 had no apparent effects on the morphology, proliferation, or viability of BM MSCs (Figure 3F-H) .
Supportive stromal cell cocultures have been reported to induce upregulation of MCL1 and other antiapoptotic BCL2 family genes. 24, 42 The effectiveness of (-)BI97D6 in abrogating stromamediated protection implies that development of Mcl-1-targeting pan-Bcl-2 inhibitors represent a promising strategy to overcome tumor microenvironment-mediated resistance. For personal use only. on April 2, 2017. by guest www.bloodjournal.org From (-)BI97D6 effectively induced apoptosis in primary myeloblasts from patients with refractory AML We next evaluated the efficacy of (-)BI97D6 on primary AML samples and found that it potently induced apoptosis of AML blast cells at low nanomolar concentrations (median 48-hour IC 50 5 39.3 nM; Figure 4A ). Importantly, AML samples with the FLT3 mutation (n 5 3; IC 50 5 19.9-51.4 nM) or NRAS mutation (n 5 3; IC 50 5 6.1-43.6 nM) showed sensitivities similar to AML myeloblasts without these poor prognosis mutations (Table 1) .
We next determined whether the (-)BI97D6 IC 50 values correlated with the expression of Bcl-2 proteins in primary AML cells. Unlike the Bcl-2-specific ABT-199, for which a significant correlation exists between IC 50 and Bcl-2 protein levels, 15 no statistically significant correlations were observed between (-)BI97D6 sensitivity and protein levels of Bcl-2, Bcl-xL, or Mcl-1 ( Figure 4B ). This finding further indicates that (-)BI97D6-induced apoptosis likely reflects simultaneous inhibition of multiple antiapoptotic Bcl-2 proteins rather than blockade of an individual member. Importantly, even samples from refractory AML patients were similarly sensitive to (-)BI97D6 ( Figure 4C ). Figure 5C-D) . To further examine its potential toxicity on normal hematopoietic stem/progenitor cells, we performed colony formation assays using BM mononuclear cells from 4 healthy donors. The methycellulose semisolid medium was added with 100 nM (2)BI97D6, a dose that actively kills AML cells. We found that (2)BI97D6 had only minimal effects on the numbers of burst forming unit erythroid (BFU-E), granulocyte-macrophage progenitor (CFU-GM), and CFU-granulocyte, erythroid, macrophage, megakaryocyte (CFU-GEMM) colonies (supplemental Figure 6) , consistent with our flow cytometry results ( Figure 5D ). Thus far, engraftment of human leukemias in a xeno-transplantation animal model represents the ultimate proof for the presence of LSCs. Accordingly, the capacity of a therapeutic agent to kill LSCs could be further evaluated if pretreatment with the drug in vitro could prevent or significantly postpone AML engraftment and progression in vivo. Figure 5E depicts the experimental design of the xeno-transplantation mouse model. The AML patient cells used here demonstrated their capacity of serial transplantation in NSG mice, reflecting the self-renewal ability of LSC cells. Leukemic cells were recovered from secondary transplanted mice, treated with 100 nM (-)BI97D6 or vehicle, and then intravenously injected into 6-week-old NSG mice. Six weeks after injection, peripheral blood was collected, stained for human and murine CD45, and analyzed by FACS. Human AML engraftment was confirmed in all injected mice by identification of hCD45 1 cells in each animal (data not shown). However, the percentage of hCD45 1 cells was higher in control mice than in mice injected with pretreated AML cells (representative flow plots; Figure 5F ). Moreover, pretreatment of AML cells markedly prolonged mouse survival ( Figure 5G ; n 5 5 per arm). The results of this xeno-transplantation study indicate that the Mcl-1-targeting pan-Bcl-2 inhibitor (-)BI97D6 effectively killed AML LSCs. This is consistent with a previous report that simultaneous inhibition of multiple antiapoptotic proteins by Sabutoclax inhibited blast crisis chronic myeloid leukemia stem cells while sparing normal hematopoietic cells. 42 
Discussion
Despite the significant advancement in targeted cancer therapies, current strategies still face significant challenges owing to acquired drug For personal use only. on April 2, 2017. by guest www.bloodjournal.org From resistance. The majority of targeted therapeutics focuses on the upstream nodes of cancer signaling pathways. The initial response might be promising, but resistance is often inevitable because of various compensatory mechanisms mediated via the cross-wired cancer signaling pathways. The ultimate therapeutic effects of conventional chemotherapies, or novel targeted therapies, usually converge on apoptotic cell death. Therefore, targeting the downstream overexpressed Bcl-2 antiapoptotic proteins would appear to be a superior strategy because it directly elicits apoptosis in tumor cells and might minimize the development of drug resistance.
A recent study showed heterogeneous but overlapping expression of Bcl-2, Mcl-1, and Bcl-xL in 577 AML patient samples. 43 Because the functional redundancy of Bcl-2 antiapoptotic proteins is the major cause of resistance to selective Bcl-2 antagonists (eg, ABT-199), concomitant inhibition of multiple Bcl-2 proteins can presumably overcome this resistance. This notion is supported by our finding that AML cells with high Mcl-1 expression were highly resistant to Bcl-2/Bcl-xL inhibitor ABT-737, whereas all AML cell lines tested showed similar sensitivity to the pan-Bcl-2 inhibitor (-)BI97D6.
Most putative pan-Bcl-2 inhibitors, such as obatoclax and gossypol, bind their targets with poor to moderate affinity and trigger cell death independent of Bax and Bak, suggesting additional off-target effects. 44, 45 For example, gossypol (AT-101) had been reported to induce cell death by endoplasmic reticulum stress-mediated mechanisms. 46 The ApoG2 derivative (-)BI97D6 binds Bcl-2 antiapoptotic proteins with much higher affinity than other reported pan-Bcl-2 inhibitors (supplemental Table 1 ). We reason that the higher affinity makes it more selective and minimizes potential off-target effects. Unlike gossypol, (-)BI97D6 did not induce hallmarks of endoplasmic reticulum stress (supplemental Figure 7) , such as DDIT3 upregulation or eIF2a phosphorylation. 47, 48 Instead, (-)BI97D6 induced multiple intrinsic apoptotic hallmarks, promoted externalization of plasma membrane phosphatidylserine within 12 hours (supplemental Figures 8  and 9 ), and required Bax or Bak for cell killing. Deficiency of Bim, Bax, or Bak all significantly reduced apoptosis induction by (-)BI97D6. Furthermore, (-)BI97D6 disrupted the associations of Mcl-1/Bim and Bcl-2/Bax, as would be expected for on-target activities of BH3 mimetics. Although we cannot rule out possible minor off-target activities of (-)BI97D6, especially when used at very high doses, our results suggest that (-)BI97D6 acts mainly as a BH3 mimetic, thus inducing cell death essentially via the Bax/Bak-dependent mitochondrial apoptosis pathway.
The role of Mcl-1 as a mediator of drug resistance has been a subject of intense investigation in recent years. 13, 23, 49 Meanwhile, reversephase protein array analysis of putative AML LSCs found that these cells have high levels of Mcl-1. 50 However, toxicity might be an issue when targeting proteins expressed in both leukemic cell and hematopoietic stem cells. In this regard, Opferman and colleagues reported that Mcl-1 might play an essential role in the survival of murine hematopoietic stem cells and early myeloid precursors. In the same study, murine AML cells were demonstrated to be more sensitive to Mcl-1 deletion than hematopoietic stem and progenitor cells, 49 suggesting that a therapeutic window might exist. Also, pancytopenia and bone marrow failure, observed on MCL1 germ-line deletion, were not unequivocally related to Mcl-1's antiapoptotic function because of increasing evidence for nonapoptotic functions of Bcl-2 family proteins. [51] [52] [53] [54] For example, Perciavalle et al found that an N-terminal truncated form of Mcl-1 located in the mitochondrial matrix is essential for normal mitochondrial fusion, ATP production, respiration, and other functions. 55 Therefore, eliminating the Mcl-1 protein entirely, including its nonapoptotic functions, might be lethal to normal cells. If Mcl-1 has nonapoptotic functions independent of the BH3 domain interactions, then BH3 mimetics like (-)BI97D6 presumably do not interfere with these functions and can be better tolerated than MCL1 gene deletion. Indeed, our results demonstrated that Mcl-1 inhibition by (-)BI97D6 effectively killed AML cells while being well tolerated by normal hematopoietic stem/progenitor cells. Similarly, (-)BI97D6 treatment was tolerated by hepatocytes in a previous study, 21 whereas MCL1 gene deletion was reported to cause hepatocyte toxicity in mice. 56 LSCs are considered to be resistant to conventional chemotherapies and to drive leukemia relapse. Recent evidence suggests that most functionally defined LSCs have relatively low levels of reactive oxygen species and aberrantly overexpress Bcl-2 protein. 57 Furthermore, Bcl-2-mediated oxidative phosphorylation is reportedly essential for LSC energy homeostasis, such that Bcl-2 inhibition reduces oxidative phosphorylation and selectively eradicates quiescent LSCs. 45 However, other published results have demonstrated that suppression of Mcl-1 kills transformed AML cells, suggesting a critical role of Mcl-1 for LSC survival, 13 although not ruling out a concomitant requirement for Bcl-2. Overall, it is still equivocal which Bcl-2 family proteins are critical for LSC survival. For this reason, it is germane that (-)BI97D6
binds not only Mcl-1 with high affinity (IC 50 5 25 nM) but also retains relatively high binding affinity for Bcl-2 (IC 50 5 31 nM). In agreement with this idea, the pan-Bcl-2 inhibitor effectively killed CD34 1 CD38 2 AML stem/progenitor cells while sparing normal hematopoietic stem/progenitor cells.
In summary, our studies indicated that (-)BI97D6 mediated its cytotoxicity mainly as a BH3 mimetic pan-Bcl-2 inhibitor to promote mitochondrial apoptosis. We demonstrated that inhibition of Mcl-1 by (-)BI97D6 abrogates intrinsic drug resistance (functional redundancy of antiapoptotic Bcl-2 family proteins) and extrinsic drug resistance (protective tumor microenvironment) of AML cells to ABT-737. Furthermore, pan-Bcl-2 inhibition effectively killed leukemia stem/ progenitor cells. These results strongly encourage further development of Mcl-1-specific or pan-active Mcl-1-targeting BH3 mimetics to combat AML and other refractory cancers.
